Phenethyl isothiocyanate (PEITC) 1 and benzyl isothiocyanate (BITC), naturally occurring constituents of cruciferous vegetables, have been reported to exert inhibitory effects against development of tobacco-specific carcinogen-induced lung tumors and are regarded as promising chemopreventive agents for lung cancer. However, tumor promoting and carcinogenic activities in the rat urinary bladder have been detected in several animal models. The purpose of the present study was to investigate early changes in rat urinary bladder epithelium induced by PEITC and BITC and to explore promotion/carcinogenic mechanisms. In the first experiment, in order to assess acute toxic effects, PEITC or BITC at 0.1% each in the diet were administered to 6-week-old F344 rats for 1, 2, 3, and 7 days and sequential histopathological assessment and urinalysis were performed. In the second and third experiments, structure-activity relationships of PEITC, BITC and 8 other analogues, benzyl isocyanate and benzyl thiocyanate, and phenyl-, α-naphthyl-, tert-butyl-, butyl-, methyl-, and ethyl isothiocyanates (ITCs) were explored in a 14-day experiment. In the first experiment, the urinary pH was significantly lowered on day 1 by both PEITC and BITC. Striking features of toxicity, such as marked inflammatory changes characterized by cellular infiltration, apoptosis/single cell necrosis, cytoplasmic vacuolation, erosion, and hemorrhage in the urinary bladder were caused, with peaks apparent on days 2 or 3, respectively. Sequential change in 5-bromo-2 -deoxyuridine (BrdU) labeling indices was in line with the inflammatory response, but the thickness of the urinary bladder epithelium continued to gradually increase up to day 7. In the second and third experiments, simple and papillary or nodular (PN) hyperplasias were observed after 14-days treatment with PEITC, BITC, and phenyl-and butyl ITCs. These results suggest that continuous urinary epithelial cell proliferation due to cytotoxicity may play an important role in the early stage of rat urinary bladder carcinogenesis due to oral administration of ITCs. In addition, hydrophobic activity of ITCs, dependent on the alkyl carbon chain length, might strongly influence the induction of bladder lesions in rats.
INTRODUCTION
Phenethyl isothiocyanate (PEITC) and benzyl isothiocyanate (BITC), hydrolysates of the glucosinolate precursors gluconasturtiin and glucotropaeolin, respectively, are naturally occurring constituents found in cruciferous vegetables such as cabbages, cauliflower, and watercress (41) . Originally, PEITC attracted attention as a promising candidate chemopreventive agent for lung cancer, as it was found to significantly reduce the incidence of lung tumors and/or DNA adduct formation (O 6 -methylguanine and 7-methylguanine) when administered prior to or concurrently with 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) (20, 23, 36) or cigarette smoke particles (45) in several rodent models. Chemopreventive effects of PEITC have been also reported for the rat mammary gland (8, 42) , mouse forestomach (42) , rat esophagus (34, 37, 38, 44) , and ham-ster pancreas (28) , when administered concurrently with or prior to initiation treatment. Similarly, protective effects of pretreatment of BITC have been reported for benzo(a)pyreneinduced mouse lung carcinogenesis (43) and N -butyl-N -(4hydroxybutyl)nitrosamine (BBN)-induced rat urinary bladder carcinogenesis (31) . Furthermore, dietary administration of N -acetylcysteine conjugates of BITC and PEITC during the post-initiation phase inhibited benzo(a)pyrene-induced lung tumor development in A/J mice, suggestive of preventive efficacy against tumor promotion and/or progression (47) . On the other hand, postinitiation tumor promotion effects of PEITC have been observed in rat mammary (16) , rat esophageal (34) , and hamster pancreatic (27) carcinogenesis models.
We earlier found that the dose (0.1% in diet) of PEITC used in various inhibition studies could also increase the incidence of urinary bladder tumors in a rat medium-term multi-organ carcinogenesis model (29) . In a two-stage carcinogenesis model, using BBN as an initiator, strong promotion effects of PEITC as well as BITC in the urinary bladder were confirmed. Moreover, bladder tumors were induced in rats fed 0.1% PEITC or BITC without initiation treatment (10) . Further, PEITC raised the incidences of papillary or nodular (PN) hyperplasia, dysplasia and carcinomas at doses of 0.01% or more in a dose-dependent manner (30) . We also found that urinary bladder carcinomas were induced in 11 of 388 Vol. 31, No. 4, 2003 RAT URINARY BLADDER TOXICITY OF ISOTHIOCYANATES 389 12 rats (91.7%) continuously receiving 0.1% PEITC in the diet for 48 weeks (40) . These data clearly show that PEITC possesses promotion as well as carcinogenic activities in the rat urinary bladder.
In an in vitro study, PEITC was established to be more than 1,000 times more cytotoxic than its precursor glucosinolate in a Chinese hamster ovary cell line, inducing chromosome aberrations and sister chromatid exchange, in contrast to the lack of such changes with glucosinolate even at higher doses (25) . In addition, PEITC, BITC and allyl isothiocyanate (AITC) have shown relatively strong genotoxic effects in the Salmonella micosome assay, differential DNA repair assay with E. coli and micronucleus induction assay with human derived Hep G2 cells, while substantially weaker or negative influence were evident in in vivo assays with E. coli indicator cells in mice (14, 15) . The fact that radical scavengers reduced the differential DNA damage induced by AITC and PEITC suggested that reactive oxygen species (ROS) are involved in the generation of genotoxic events by ITCs (14) . AITC has been shown to cause more Cu(II)mediated DNA damage and formation of 8-oxo-7,8-dihydro-2 -deoxyguanosine (8-OH-dG) than PEITC and BITC, and a positive association exists between the generation of superoxide and the yield of SH group from ITCs (24) . In vivo, BITC was found to induce glutathione S-transferase (GSTs) phase II detoxification enzymes in rat liver and produce intracellular reactive oxygen intermadiates (26) . A considerable body of data thus supports cytotoxic and genotoxic potential.
We hypothesized that early toxic insult by ITCs contributes to subsequent development of proliferative lesions in the rat urinary bladder and that this is dependent on chemical characteristics. In the present study, we therefore paid especial attention to early changes in urinary bladders of F344 rats treated with PEITC or BITC, and the relationship between chemical structure and toxic potential of a number of analogues, benzyl isocyanate, benzyl thiocyanate, phenyl isothiocyanate, α-naphthyl isothiocyanate, tert-butyl isothiocyanate, butyl isothiocyanate, methyl isothiocyanate, and ethyl isothiocyanate.
MATERIALS AND METHODS

Animals and Chemicals
F344 rats of both sex at 5 weeks of age were purchased from Charles River Japan Inc. (Kanagawa, Japan) and used in the study after a 1-week acclimatization. Three to 5 rats each by sex were housed in a plastic cage with hard wood chips for bedding in an air-conditioned room at 22 ± 2 • C and 55 ± 5% relative humidity with a 12-hour artificial light/12-hour dark cycle.
The chemical structures of the 10 test chemicals employed in the present study, chosen based on possessing organic isothiocyanates (N C S structure) and related structures, are shown in Figure 1 . PEITC and butyl isothiocyanate were purchased from Tokyo Kasei Kogyo Co. Ltd. (Tokyo, Japan), and BITC, benzyl isocyanate, benzyl thiocyanate, phenyl isothiocyanate, α-naphthyl isothiocyanate, tert-butyl isothiocyanate, methyl isothiocyanate, and ethyl isothiocyanate from Wako Pure Chemical Industries Ltd. (Kyoto, Japan). All test chemicals had purity certified as more than 97%. The chemicals, dissolved in corn oil (Nihon Shokuhin Kako Co. Ltd., Tokyo, Japan), were mixed with powdered basal diet (Oriental MF; Oriental Yeast Co. Ltd., Tokyo, Japan). Concentrations of the chemicals and corn oil were adjusted to achieve final concentration in the dosing admixture at 0.1% for the chemicals and at 2 v/w% for corn oil, and stored at 4 • C until use. For the control animals, nonsupplemented basal diet with corn oil at the same amount as for the chemical-treatment groups was prepared. Food and tap water were available ad libitum. The dose level of PEITC and BITC employed in the present study (0.1% in the basal diet) was identical with those of the previously conducted carcinogenesis model of these chemicals in our laboratory (10, 29, 30) and close to the dose level in several chemopreventive studies with clear results (8, 23, 42) . The dose level of the chemicals other than PEITC and BITC was set uniformly 0.1% in order to compare the toxicity at the same dose level.
Experimental Design
The present study consisted of 3 experiments. The first (Experiment 1) was conducted to investigate acute changes of the urinary bladder epithelium and urinary factors together with gender differences after up to 7 days' treatment with PEITC or BITC. For this, 65 males and 65 females were allocated into 3 groups and fed PEITC, BITC or nonsupplemented powdered basal diet. Five males and 5 females from each group were subjected to sequential sacrifice by exsanguination under deep ether anesthesia on days 0 (control animals only), 1, 2, 3, and 7, 1 hour after intraperitoneal injection of 5-bromo-2 -deoxyuridine (BrdU, dose of 100 mg/kg, Sigma-Aldrich Japan, Tokyo, Japan). Urine samples were collected using metabolic cages on days 0, 1, and 7.
In experiment 2, 28 males were allocated into 4 groups and were fed BITC, benzyl isocyanate, benzyl thiocyanate or nonsupplemented powdered basal diet. In experiment 3, another 40 males were allocated into 8 groups and given PEITC, phenyl isothiocyanate, α-naphthyl isothiocyanate, tert-butyl isothiocyanate, methyl isothiocyanate, ethyl isothiocyanate, butyl isothiocyanate, or basal diet in the same manner. In both cases, urine samples were also collected on days 0 (control animals only), 1 and 14, and all rats were sacrificed on day 14, 1 hour after intraperitoneal injection of 100 mg/kg BrdU. Body weights and test chemical consumption, calculated from the total food consumption, were measured on a weekly basis.
In all experiments, the urinary bladder, ureters, kidneys, and liver were removed at autopsy and checked macroscopically and the urinary bladder was uniformly inflated with 0.8 mL of 10% phosphate buffered formalin solution. After fixation, they were cut into 6 strips for routine processing for hematoxylin and eosin staining. Ureters, kidneys, and liver were also examined microscopically. For immunohistochemical analysis of the urinary bladder, the paraffin sections were incubated with anti-BrdU antibody (DAKO Japan, Kyoto, Japan) at dilution of 2,000. A Vectastain ABC Elite kit (Vector Laboratory Inc., Burlingame, CA, USA) and diaminobenzidine as a substrate were used for visualization (11) . Examinations included urinary bladder histopathology, measurement of epithelial thickness, determination of BrdU labeling indices, analyses of urinary pH (measuring pH meter, Horiba Seisakusho Co. Ltd, Kyoto, Japan) and urinary electrolytes (Automatic analyzer, Hitachi 7040E, Hitachi Co. Ltd, Tokyo, Japan), qualitative urinalysis (protein, occult blood, glucose, etc., multistix test paper, Miles-Sankyo Co, Ltd, Tokyo, Japan) and urinary sediment observation. For assessment of epithelial thickness of the urinary bladder, the ver- tical height of the transitional epithelium at central points in the 6 strips of urinary bladder was microscopically measured and mean values were compared. The mucosal lesions observed in the urinary bladder were classified into the categories of inflammation, cytoplasmic vacuolation, erosion, apoptosis/single cell necrosis, and mitosis, for degenerative or regenerative lesions, and simple hyperplasia and PN hyperplasias for proliferative lesions. Histopathological evaluation of acute lesions was performed as follows: at first, the severity of the finding was given a score out of 5 ranks (0 = no remarkable change, 1 = slight, 2 = mild, 3 = moderate, 4 = marked) individually and then overall group mean scores were calculated (in experiment 1), or incidences of proliferative lesions per group (in experiments 2 and 3). For assessment of BrdU labeling indices, one centimeter lengths of urinary bladder epithelium in 6 strips per rat were examined microscopically and results expressed as number of labeled cells per centimeter.
Statistical Analysis
The interval scale data (urinalysis, urinary bladder epithelial thickness, BrdU) were statistically analyzed by the nonparametric Kruskal-Wallis's test followed by Dunnett correction when the variances were heterogeneous for comparison of means ± standard deviations. Incidences were analyzed with the chi-square test.
RESULTS
Experiment 1
No obvious clinical signs, growth retardation, or loss of appetite occurred in any group. As shown in Table 1 , while the urinary pH for untreated control animals remained within the physiological reference range, a significant reduction was recorded on day 1 in the BITC group (actual pH: 6.3 in males and 6.1 in females, p < 0.01, respectively) and similar but less marked reduction was recorded in the PEITC group (actual pH: 7.1 in males and 7.0 in females). Urinary pH then returned to normal and became comparable to the control values with little variation on day 7. Significant reduction of urinary sodium and chloride concentrations was also recorded in the PEITC and BITC groups throughout the experimental period ( p < 0.05 and 0.01, respectively). Urinary potassium was slightly decreased as compared to the control value in both sexes of the PEITC and BITC groups but not statistically significant difference. Development of urinary crystals and calculi did not differ among the groups.
The thickness of the urinary bladder epithelium increased with treatment in both sexes of the PEITC and BITC groups and was more prominent in males than females ( Table 2) . Table 3 summarizes data for sequential changes in urinary bladder lesions and their severity: marked inflammation consisted of mainly neutrophil infiltration, cytoplasmic vacuolation, apoptosis/single cell necrosis and hemorrhage, with peaks on days 2 or 3 (Figures 2a and 2d ). These lesions became alleviated on days 7 when slight hyperplastic epithelium with 5 to 10 cell layers was apparent (Figures 2b and 2e ). Mitosis was conspicuous in relatively middle and late phases, mainly on days 3 and 7. These changes were commonly observed in both sexes in the PEITC and BITC groups. There were no noteworthy changes in the ureters, kidneys and liver. Table 4 shows results for sequential changes of BrdU labeling indices of the urinary bladders. Values were significantly increased on days 2 or 3 in both sexes treated with PEITC and BITC as compared to those in the control group ( p < 0.05 and 0.01, respectively), particularly in males. Fluctuation was in line with inflammatory response. Although decrease from peak values was apparent on day 7, the values ( p < 0.01 in females of BITC) were consistently higher than in the controls.
Experiments 2 and 3
Indicators of systemic toxicity such as reduction of body weight and food consumption, and emaciation and systemic jaundice, were prominent only in the α-naphthyl isothiocyanate group in experiment 3 (data not shown). Table 5 shows the combined results for daily intake of chemicals, it was estimated to be approximately 80 mg/kg/day in each Figure 2f ). Treatment with PEITC produced a significantly increased incidence of simple hyperplasia ( p < 0.01) and a 60% incidence of PN hyperplasia ( Table 6 and Figure 2c ). Moreover, phenyl isothiocyanate and butyl isothiocyanate also produced simple hyperplasia at more than 80% incidence with statistically significance ( p < 0.05 and 0.01, respectively). The other 6 analogues did not produce any lesions. There were no noteworthy changes in the other organs examined. Table 6 also shows data for labeling indices after 14 days treatment. Significant increase was observed with BITC, phenyl isothiocyanate, butyl isothiocyanate, ( p < 0.05), and α-naphthyl isothiocyanate ( p < 0.01) as compared with the control group. Although not statistically significant, the labeling index was most marked in the PEITC group.
DISCUSSION
Promotion of rat urinary bladder carcinogenesis by many agents, especially sodium salt or potassium salt, has been TOXICOLOGIC PATHOLOGY demonstrated to be associated with elevation of urinary pH, and increases in urinary sodium and/or potassium concentrations (7) . Moreover, it is well known that hyperplastic lesions of the urinary bladder are associated with chronic cystitis, calculi formation, or persistent crystalluria, or elevated sodium ion concentration and alkaline pH (6, 32, 33, 39) . However, the present sequential observation demonstrated that urinary pH fell on day 1 and normalized on day 7, and electrolytes were consistently lowered. No apparent formation of crystals and calculi were found in the urine. Therefore, mechanisms of promotion/carcinogenesis by ITCs are at least different from these events. Urine has been well known to be a major excretion pathway of PEITC and BITC in rodents and humans (2, 5, 19) as well as many of the other ITCs tested in the present study (18) . It is possible that unchanged form or its metabolites in the urine might be associated with physiochemical changes in the nature of urine. However, normalization from acidified urine on day 7 was synchronized with both the convalescent stage of inflammation and onset of proliferative development of the urinary bladder. In addition, more pronounced effects of BITC were observed in urinary pH, sodium and chloride when compared with those in PEITC in the present study. On the other hand, carcinogenic potential of PEITC was equivalent to or stronger than BITC as shown previously (10) . Therefore, these urinary factors may not be directly involved in ITCs-induced urinary bladder promotion/carcinogenesis. Because it is unclear that the relationship between the urinary factors and bladder lesions in the present study, further research on this point should be needed.
In the present study, PEITC and BITC did produced marked if transient acute inflammatory lesions in both sexes and elevated epithelial cell proliferation as the sequel with phenyl-and butyl ITCs. These early proliferative changes after cytotoxicity are histopathologically similar to those found in the forestomach of rats treated with the nongenotoxic agents caffeic acid and butylated hydroxyanisole (12) , and in the glandular stomach of rats treated with catechol (9) . Although the target organ is different, the cell proliferation is presumed as an important first step in the promotion/ carcinogenicity (4, 33) . In the mechanistic consideration of ITCs, a number of researchers have demonstrated in vitro generation of intracellular ROS and oxidative DNA damage for PEITC and AITC (14) , for BITC (15) , and for AITC, BITC and PEITC in the presence of Cu (II) (24) . The highly electrophilic central carbon atom of the N C S group is a key site giving rise to superoxides, generated from the SH group during hydrolysis of ITCs (24) . These published evidences suggests that generation of ROS from N C S groups and subsequent oxidative DNA damage is a major cytotoxic and genotoxic mechanism of ITCs in the urinary bladder. In fact, the N C S structure is strictly required for induction of bladder lesions since BITC induced bladder lesions but not benzyl isocyanate and benzyl thiocyanate, the latter 2 chemicals has no N C S structure, in our second experiment. Although we failed to demonstrate increase in urinary 8-OH-dG in rats treated with BITC for 1, 3, 7, and 14 days (unpublished data), further studies focused on oxidative stress in the urinary bladder epithelium are clearly warranted. Genotoxic potential has been shown for AITC and PEITC in Salmonella microsome assay with TA 98 and TA 100 (14) , and for PEITC and BITC in Chinese hamster ovary cell line (25) and in the Ames assay (46) , respectively. Such gene mutation induced by ITCs may also contribute to their carcinogenic mechanisms. Regarding the differences in the metabolic profiles of ITCs in rodents and humans, it has been reported that approximately 80% of AITC is excreted in the urine as the thiocyanate ion in mice, whereas the N -acetylcystein conjugate (mercapturic acid) accounts for 75% in rats (1) . Similarly, after BITC administration some 62% was excreted as mercapturic acid in rat urine (2) . Another investigation revealed cyclic mercaptopyruvic acid conjugates to be major urinary metabolites of PEITC in A/J mice and the minor metabolite was N -acetylcystein conjugate (5) . N -acetylcystein conjugates of ITCs have also been identified in human urine after ingestion of watercress (PEITC), garden cress (BITC) and brown mustard (AITC) meals, respectively (3, 13, 19) . In addition, it was shown that oral administration of AITC produced bladder tumors in rats but not in mice (1) . Therefore, mercapturic acid appears to be responsible for the induction of bladder lesions. Taking the metabolic profiles of ITCs in the urine into account, it is suggested that the human bladder may have same risk as its rat counterpart regarding induction of bladder lesions. On the other hand, the present comparison of the effects of phenyl-, α-naphthyland tert-butyl ITCs, all of which do not form cystein conjugates in urine (18) , only demonstrated phenyl isothiocyanate to induce bladder lesions. Therefore, it is possible that only the cystein conjugates may not be essential for activity. Recently, Masutomi et al demonstrated that direct intravesicular application of TOXICOLOGIC PATHOLOGY BITC (2.8 mg/ml/kg) in female rats, the dose being similar to the urinary unchanged BITC excreted in the urine after BITC treatment, exerted significant toxicity to the urinary bladder, typified by vacuolar degeneration and desquamation, whereas application of BITC-metabolites conjugated with glutathione revealed similar but less severe toxicity than free BITC. These data suggested that free ITCs themselves in urine possess more cytotoxic potential to the urinary bladder than their metabolites (17) . When the effects of methyl-, ethyl-, and butyl ITCs were compared in the present study, only the latter produced bladder lesions, suggesting that alkyl carbon chain length of ITCs may largely influence the toxicity. It has been shown that longer alkyl carbon chain length of arylalkyl ITCs is in direct proportion to stronger chemopreventive activity against NNK-induced mouse lung carcinogenesis (21, 22) . Inhibition of phase I enzymes and induction of phase II enzymes such as GSTs which inhibit metabolic activation and induce detoxification, respectively, are both important for the inhibition of NNK-induced lung carcinogenesis (48) . It has been shown that reactive oxygen intermediate-producing activities of ITCs were closely correlated with their GSTs-inducing potencies (26) . Therefore, it is possible that other compounds that have the N C S structure with optimum alkyl carbon chain length and potent chemopreventive activity may exert toxic or promotion/carcinogenic effects in the rat urinary bladder.
In the present study, the mean daily consumption of PEITC, BITC, phenyl-and butyl ITCs, which produced bladder lesions in rats without obvious systemic toxic symptoms, was approximately 80 mg/kg/day. If man consumes 30 g of fresh watercress, this corresponds to a total intake of 21.6 mg of gluconasturtiin, a glucosinolate precursor, equivalent to 7.6 mg of PEITC per person (3) . Another investigation in the United Kingdom revealed that the mean daily intake of total gluconasturtiin was approximately 0.8 mg from fresh (0.5 mg) and cooked (0.3 mg) Swede-turnips, which corresponded to 0.28 mg/person/day as PEITC (35) . The same survey also disclosed that the maximum intake of total glucosinolates by individuals was more than 300 mg per day depending on the eating habits or seasonal factors (35) . Although the experimental conditions were far from actual human life, the risk of extraordinary exposure of glucosino-lates or an unbalanced diet of cruciferous vegetables should be avoided.
In conclusion, acute cell injury and subsequent dramatic cell proliferation are likely early events in rat urinary bladder promotion/carcinogenesis induced by orally administered PEITC, BITC, phenyl-and butyl ITCs. In addition, alkyl carbon chain length of ITCs might strongly influence the induction of bladder lesions in rats.
